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Summary

A critical component of vaccine design is to generate and maintain anti-

gen-specific memory lymphocytes of sufficient quantity and quality to

give the host life-long protection against re-infection. Therefore, it is

important to understand how memory T cells acquire the ability for self-

renewal while retaining a potential for heightened recall of effector func-

tions. During acute viral infection or following vaccination, antigen-spe-

cific T cells undergo extensive phenotypic and functional changes during

differentiation to the effector and memory phases of the immune

response. The changes in cell phenotype that accompany memory T-cell

differentiation are predominantly mediated through acquired transcrip-

tional regulatory mechanisms, in part achieved through epigenetic modifi-

cations of DNA and histones. Here we review our current understanding

of epigenetic mechanisms regulating the off-on-off expression of CD8 and

CD4 T-cell effector molecules at naive, effector and memory stages of dif-

ferentiation, respectively, and how covalent modifications to the genome

may serve as a mechanism to preserve ‘poised’ transcriptional states in

homeostatically dividing memory cells. We discuss the potential of such

mechanisms to control genes that undergo on-off-on patterns of expres-

sion including homing and pro-survival genes, and the implications on

the development of effector-memory and central-memory T-cell differenti-

ation. Lastly, we review recent studies demonstrating epigenetic modifica-

tions as a mechanism for the progressive loss of transcriptional

adaptation in antigen-specific T cells that undergo sustained high levels of

T-cell receptor signalling.

Keywords: epigenetic; exhaustion; memory T cell; transcription; viral

infection.

CD8 T-cell memory

The ability of functional memory CD8 T cells to directly

target and kill infected cells provides a vital component

in a vaccine’s arsenal against viral infections. To achieve

the maximal benefit from this component of cellular

immunity it is important to understand when and how

T-cell memory is generated. During acute viral infection,

antigen-driven differentiation of naive CD8 T cells results

in expression of cytolytic molecules and cytokines at the

effector stage of the response that facilitate control of the

infection. Following pathogen clearance, a subset of anti-

gen-specific CD8 T cells survive to the memory stage of

the immune response1 (Fig. 1a). Antigen-specific CD8
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T cells that survive the contraction phase of the response

have obtained the unique properties of self-renewal in

lymphoid and non-lymphoid tissues, and a heightened

ability to recall effector functions relative to their naive

precursors.2–5 Extensive molecular and cellular studies of

CD8 T-cell differentiation during acute viral infection

have revealed that cells destined to survive into the mem-

ory phase of the response can be identified at the effector

stage, referred to as memory precursors.6–9 The initial

identification of a memory precursor subset came from

gene expression studies broadly demonstrating that the

acquired functions of virus-specific CD8 T cells were cou-

pled to changes in the corresponding gene’s transcrip-

tional regulation. Kinetic analysis of the gene expression

profile of the antigen-specific CD8 T cells during acute

viral infection revealed that gene expression programmes

could be divided into distinct patterns. Particularly infor-

mative was the subset of genes that appeared to have an
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Figure 1. Adaptations in gene regulation during memory T-cell differentiation. (a) Naive antigen-specific CD8 T cells undergo clonal expansion

upon presentation with the cognate antigen. The quantity of antigen-specific CD8 T cells at peak of clonal expansion is ~ 1 9 105 greater than

the naive population. Approximately 90–95% of antigen-specific CD8 T cells die during the contraction stage of the immune response. A subset

of effector cells progressively modify the transcriptional programme, acquiring homing and pro-survival properties before and into the contrac-

tion phase of the response. (b) Longitudinal gene expression profiling studies of total antigen-specific CD8 T cells during acute viral infection

have revealed a group of genes that are expressed (green arrows) in naive cells, repressed (red circle) in effector cells, and re-expressed at different

memory time points, i.e. on-off-on gene expression. Continuous treatment of mice with rapamycin at the effector stage of an acute immune

response enhances the kinetics of gene re-expression in CD8 T cells. Persistence of antigen presentation during chronic viral infection retains the

‘off’ state for several genes in the category of on-off-on expression. (c) Off-on-off gene expression is coupled to the loss of repressive epigenetic

transcriptional regulatory programmes at the effector stage of the immune response followed by reacquisition of repressive and poised epigenetic

programmes. A hypothetical model for epigenetic regulation of on-off-on gene expression would involve reduction in chromatin accessibility and

acquisition of repressive epigenetic programming at the effector stage of the immune response followed by permissive epigenetic programming

and chromatin accessibility during the transition to central memory T cells. Acquisition of repressive epigenetic modifications are indicated by a

filled circle marker on the purple line (DNA) at transcriptional regulatory regions. Chromatin accessibility is indicated by the absence of green

histone octamers.
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on-off-on gene expression profile at naive, effector and

memory stages of the immune response, respectively

(Fig. 1b,c).10–12 Such genes include those that encode

pro-survival and homing molecules such as interleukin-7

receptor a (IL-7Ra), Bcl-2, CD62L (L-selectin) and others

that are predictive of either the ability to homeostatically

proliferate following the clearance of antigen or enhanced

recall capacity following re-encounter with antigen.

Within this category of genes, expression of the transcript

for IL7Ra is a key determinant of cell survival and

homeostasis at the memory stage.7,13 Identification of

memory precursor cells was born out of using IL7Ra

expression as a marker for a subset of effector cells with

the ability to survive in the absence of antigen. Identifica-

tion of memory cell precursors at the effector stage of the

response was further refined by including the down-regu-

lated expression of CD25 and Klrg1 for subsetting.8,9

The ability to identify memory precursor effector cells

has generated much interest in delineating when and how

memory CD8 T cells are generated and the role of T-cell

receptor (TCR) signalling strength and duration in the

functional outcome of the ensuing memory T cells.6 Sig-

nificant efforts are now focused on determining the

mechanism(s) that mediate the progressive changes in

phenotype and function of antigen-specific T cells as they

develop in response to both acute and chronic pathogens.

Here we review our current understanding of transcrip-

tional regulatory mechanisms of genes directly related to

effector and memory functions and highlight potential

mechanisms for the generation of phenotypically distinct

memory T-cell subsets.

Memory CD8 T-cell heterogeneity

It is believed that memory T cell heterogeneity has

evolved as a mechanism for partitioning memory-associ-

ated functions into specialized cells to protect against a

range of pathogens and routes of exposure. Memory CD8

T cells that populate non-lymphoid tissues and provide

immediate recall of effector functions are loosely catego-

rized as effector-memory (Tem) cells. Tem cells maintain

down-regulation of the molecules CD62L and CCR7 and

serve as the first line of defence against pathogen re-expo-

sure. In contrast, memory CD8 T cells that express

CD62L and CCR7 and preferentially home to lymphoid

tissues are referred to as central-memory cells (Tcm). The

preferential lymphoid homing of Tcm cells is believed to

facilitate their encounter with antigen-presenting den-

dritic cells, thereby generating a self-renewing source of

cells with effector functions, which can then migrate to

the site of infection.14–17 Importantly, many of the differ-

entially acquired traits of Tem versus Tcm cells, including

CD62L- and CCR7-mediated lymphoid homing, are the

result of differential transcriptional regulation of gene

products from the ‘on-off-on’ subset of genes (Fig. 1b). A

current challenge for the field is to determine how

acquired transcriptional programmes, those common

among all memory cells as well as the transcriptional pro-

grammes that are unique to memory subsets, are main-

tained during cell division of memory T cells.

Drawing upon insights from other developmental sys-

tems, epigenetic modifications may provide a transcrip-

tional regulatory mechanism that can be propagated

during homeostatic cell division of memory cells.18,19

Recently several laboratories have demonstrated that epi-

genetic modifications, namely histone modifications and

DNA methylation, modulate transcriptional activation of

effector molecules via the restriction of access to chroma-

tin by transcription factors and polymerase. Our current

understanding of epigenetic regulation of memory cell

function has come from studies that have focused on the

mechanisms controlling expression of effector molecules

such as the genes for interferon-c (IFNg), interleukin 2

(IL-2) granzyme b and perforin.20–25 As these genes

become transcriptionally up-regulated, the proximal pro-

moter region loses repressive epigenetic marks (DNA and

histone modifications). Following control of the viral

infection, these loci become epigenetically ‘poised’ for

polymerase accessibility and transcriptional activation in

memory cells (Fig. 1c). In the case of IFNg, Kersh et al.22

determined that the promoter re-acquires a repressive

DNA methylation, but can demethylate this region within

6 hr of TCR stimulation. Additionally the laboratories of

both Turner and Shen revealed that the IFNg promoter

obtained permissive histone modifications at the effector

stage of differentiation which were maintained into the

memory stage.21,26 These data demonstrate that the

acquired ability of memory cells to rapidly recall cytokine

production is coupled to modification of the epigenetic

programme at these loci by establishing a poised tran-

scriptional state. Moreover, these studies firmly establish

epigenetic programming as a mechanism that adapts to

TCR signalling. In addition to these important studies on

transcriptional regulation of effector molecules, our labo-

ratory has recently demonstrated that the promoter of

the immuno-inhibitory molecule programmed death 1

(PD-1) undergoes dynamic epigenetic modifications dur-

ing acute versus chronic viral infection.27 Our data dem-

onstrated that epigenetic modification of the PD-1

promoter was tuned to the duration and or strength of

the TCR signal.27 A commonality among the effector

molecules and immuno-inhibitory receptor is that their

off-on-off pattern of gene expression during naive to

effector to memory differentiation is regulated in part

through epigenetic modifications at their promoters

(Fig. 1c). Taken together, these studies demonstrate that

epigenetic modifications are used to control immune

function by not only directly regulating the expression of

cytolytic molecules, but also by controlling the sensitivity

of the cell to activating inhibitory signals.
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Indeed, the rapid recall of effector molecules is a defin-

ing feature of memory CD8 T cells, yet equally important

is the ability of memory CD8 T cells to persist at a higher

quantity relative to their naive counterparts in the

absence of antigen. This acquired function is critical to

the design of vaccines that generate life-long T-cell

immunity. Importantly the dramatic increase in quantity

of antigen-specific CD8 T cells at the memory stage of

the response over the naive stage is in part achieved

through up-regulation of pro-survival molecules in a sub-

set of effector cells. Therapeutic strategies designed to

enhance the quantity of effector cells that survive to the

memory stage of the response following acute infection

or vaccination through manipulation of pro-survival gene

expression programmes in antigen-specific CD8 T cells is

now the focus of intense investigation.28 Support for this

strategy has recently come from studies using rapamycin

therapy. It was demonstrated that mice treated daily with

rapamycin, the inhibitor of mammalian target of rapamy-

cin (mTOR), during the course of acute lymphocytic cho-

riomeningitis virus infection developed a greater quantity

and quality of memory CD8 T cells.29 Importantly, this

effect was observed when rapamycin treatment was initi-

ated at the effector stage of the immune response, after

extensive proliferation had already occurred (Fig. 1b). Of

particular interest, rapamycin treatment resulted in faster

re-expression kinetics for several molecules within the

‘on-off-on’ subset of genes including CD62L and IL-7Ra

(Fig. 1b).29 These studies using rapamycin demonstrate

that antigen-specific CD8 T-cell gene expression pro-

grammes can be modified after the initial encounter with

antigen and that the modification of the gene expression

programme can translate into changes in the quantity of

memory T cells. Taken together, these data suggest that

the elevated quantity of antigen-specific CD8 T cells at

the memory stage of the response is the result of progres-

sive changes in gene regulation at the effector stage. Addi-

tionally, these studies highlight a need for further

investigation into the transcription factors or epigenetic

mechanisms that may be downstream of the mTOR path-

way.

Extrapolating from our understanding of off-on-off

gene regulatory mechanisms, it may be reasoned that the

acquired epigenetic modifications at the transcriptional

regulatory regions of on-off-on genes initiates with the

acquisition of repressive epigenetic modifications during

the progression of an antigen-specific T cell into the

effector stage of the response. This hypothetical repressive

epigenetic programme may then undergo erasure during

contraction and enter the memory phase of the response

(Fig. 1c). Additionally, this would indicate that kinetics

of ‘off to on’ gene expression at the antigen-independent

stage of the memory response could be controlled by the

manipulation of epigenetic enzymes or interpreting pro-

teins. Future efforts focused on on-off-on epigenetic regu-

latory mechanisms will undoubtedly be informative

regarding the adaptation of transcriptional programmes

during memory CD8 T-cell differentiation.

Effector and memory CD4 T-cell differentiation

Similar to CD8 T-cell memory differentiation, dramatic

changes in gene expression and function accompany the

differentiation of CD4 effector and memory T cells. The

full significance of such gene regulation remains unre-

solved. The dissection of CD4 memory differentiation

becomes more complicated by the extensive T helper line-

age diversity that exists within the effector CD4 T-cell

population. Following activation with antigen, naive CD4

T cells undergo extensive proliferation and differentiation

toward different T helper lineages, including Th1, Th2,

Th17, regulatory T and T follicular helper lineages.30,31

Lineage differentiation of CD4 T helper cells is regulated

by extrinsic factors such as the cytokine milieu provided

by antigen-presenting cells during priming, as well as

intrinsic factors including the lineage-associated transcrip-

tion factors Tbet, Gata3, RORg, Foxp3 and Bcl6.31,32

Lineage-specific gene expression programmes confer spe-

cialized effector functions of each individual T helper

subset to generate immune responses that are tailored to

express specific effector molecules and cytokines for the

effective control of varying types of pathogens.30,31,33,34

Differentiation of one particular T helper lineage may be

accompanied by the suppression of gene expression pro-

grammes that inhibit genes commonly expressed by other

T helper lineages.32 The occurrence of lineage commit-

ment during proliferation has prompted a focus to

understand the maintenance of acquired transcrip-tional

programmes through epigenetic mechanisms. It is

believed that a specific set of epigenetic modifications

may accompany the differentiation of a particular T

helper lineage that permit the expression of genes associ-

ated with that lineage, including demethylation of DNA

and the acquisition of permissive histone modifications,

while maintenance or de novo generation of inhibitory

marks may occur at loci associated with other T helper

lineages.32,35–37

One method that has aided the biochemical analysis of

such gene regulation following CD4 T-cell activation is

the ability to polarize naive CD4 T cells toward these

T helper lineages through in vitro culturing condi-

tions.30,38,39 The polarized cells that are products of such

conditions can then be exposed to alternative polarizing

conditions to measure their ‘plasticity’, or capacity to

convert to alternate T helper lineages and express the spe-

cific gene expression programmes of the associated T

helper fates. Epigenetic regulation plays an important role

in regulating the expression of T helper lineage-specific

genes, with the classic example being differential regula-

tion of the IFNg and IL4 loci during the differentiation of
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Th1 and Th2 cells. Th1 cells produce large amounts of

IFN-c and do not express IL4, whereas Th2 cells produce

the signature cytokine IL-4, as well as IL-5 and IL-13, but

do not express IFNg.33 Analysis of the IFNg expression in

Th1 cells is accompanied by permissive histone modifica-

tions and demethylation of conserved non-coding

sequences at the IFNg locus, while these same regions

maintain repressive histone marks and methylated DNA

in Th2 cells.37 In contrast, the IFNg locus remains in a

repressed state in differentiating Th2 cells,37 whereas the

IL4 locus undergoes chromatin remodelling and DNA

demethylation.40 Further evidence that epigenetics influ-

ence the gene expression programmes of T helper lineages

is demonstrated by deletion of genes that encode enzymes

necessary for DNA methylation. The maintenance methyl-

transferase Dnmt1 plays an important role in the repres-

sion of the IL4 and Foxp3 loci, and deficiency of Dnmt1

results in inappropriate expression of these genes.41–43

Likewise, CD4 T cells lacking the de novo methyltransfer-

ase Dnmt3a can simultaneously express IFNg and IL4

under non-skewing activation conditions, and hypome-

thylation of both of these loci allows for the development

of Th2 cells with a propensity to express IFNg when re-

stimulated under Th1 conditions.44 Furthermore, re-stim-

ulation of Th2, Th17 and iTreg Dnmt3a knockout cells in

the presence of IL-12 results in IFN-c production, indi-

cating that de novo methylation restricts plasticity of T

helper lineages.45

The majority of studies regarding the T helper lineage

gene expression and epigenetic programmes of CD4 T

cells have been conducted using in vitro generated effector

subsets. Whereas such experiments may be useful for

looking at the potential of polarized cells to express genes

that have been programmed under certain skewing condi-

tions, they may not fully represent what happens to

memory T cells generated in vivo following the clearance

of antigen. Hence, an important question that emerges is

whether the cells that comprise the memory CD4 T-cell

pool maintain their potential to recall a T helper lineage-

specific gene expression programme. In other words, are

epigenetic programmes maintained, such that memory

CD4 T cells ‘remember’ the gene expression programme

associated with cells at the effector stage (Fig. 1c)? This

question highlights the need for epigenetic analysis of

antigen-specific memory CD4 T-cell subsets to provide

insight into T helper lineage maintenance and plasticity

upon boosting or re-exposure to pathogen.

It is unclear to what extent memory CD4 T cells are

derived from committed effector cells of each of these lin-

eages. To this end, several studies have investigated the

recall potential of Th1 memory cells. It has been shown

that Th1 memory cells exist in vivo following infection,

and are derived from Tbet and IFN-c-expressing Th1

effector cells.46 Th1 memory cells exhibit minimal (or

possibly delayed) re-expression of CD62L and CCR7, sug-

gesting that these cells are Th1 effector-memory cells.46,47

Besides Th1 memory cells, other studies have demon-

strated the generation of and recall by Th2 committed

memory cells,48–50 whereas it is currently unclear whether

long-lived Th17 cells can be generated following infec-

tion.51 In addition, there may be central-memory cells

that do not have commitment toward any of the T helper

lineages, and following reactivation with antigen, can

potentially generate secondary effector cells of several dif-

ferent T helper lineages.47 Given the complexity and

extensive heterogeneity that exists within the memory

CD4 T-cell pool, an important question is whether mem-

ory CD4 T cells transition through an effector stage.

Again, interrogation of epigenetic modifications may

prove particularly useful when focused on loci such as

IFNg, IL4, IL17, and others that are associated with T

helper lineage-specific functions.

Further work is needed to determine the extent to

which T helper lineages are maintained in the memory

pool, and to further define memory differentiation at

both the cellular and epigenetic levels. Although it is clear

that there are indeed subsets of Th1 memory cells within

the memory pool, there may be varying degrees of plas-

ticity between different T helper lineages depending on

the degree of terminal differentiation and polarity toward

each lineage for each individual memory cell. In addition,

there may be subsets of CD4 memory cells that are not

biased toward any lineage, and so display the highest

degree of lineage potential following reactivation with

antigen. In the case of such non-committed cells, the pre-

diction would be that lineage-associated transcription fac-

tor and/or effector genes (i.e Tbx21/Tbet, Gata3, Rorg,

Bcl6, IFNg, IL4, etc.) have not yet acquired epigenetic

modifications consistent with expression of these genes

that would skew their response toward any particular

lineage. In depth gene expression and epigenetic analysis

of memory subsets will be useful in determining whether

‘Th uncommitted’ memory CD4 T cells contribute signif-

icantly to the pool of memory T cells. Further, analysis of

on-off-on gene regulation for genes such as CD62L,

CCR7 and Bcl2 in memory cells will be useful for under-

standing factors that govern homing and survival during

homeostasis in the absence of their antigen, and possibly

be predictive of the fate of memory cells following re-

encounter with antigen.

It is essential to understand how antigen-specific CD4

memory T cells behave in response to repeated exposure

to pathogen, or throughout the course of vaccination,

where priming and repeated boosting to antigen, results

in reactivation of memory cells. Determining whether

memory CD4 T cells ‘remember’ and efficiently recall

lineage-specific gene expression programmes that were

acquired during their progenitors at the effector stage will

provide an important framework for predicting the

capacity of memory CD4 T-cell subsets to provide cellular

ª 2013 John Wiley & Sons Ltd, Immunology, 139, 277–284 281

FOCUS ON EPIGENETIC CONTROL OF HOST DEFENCE
Transciptional regulation of memory T-cell differentiation



immune responses and provide help for humoral immune

responses upon boosting or challenge with pathogen.

T-cell exhaustion: selection or progression?

A shared feature of CD4 and CD8 T-cell memory differ-

entiation is that the strength and duration of TCR signal-

ling determines the function and phenotype of the cells.

At the extreme end of the TCR strength/duration of the

signal spectrum are cells differentiated during chronic

viral infections. Therefore, additional insights into the

mechanism for differentiation of functional memory T

cells may be gained from interrogating the mechanism for

development of non-functional memory cells during con-

ditions of antigen persistence.

Failure to control viral infection results in a diminished

ability of antigen-specific CD8 T cells to rapidly up-regu-

late cytokine expression and to kill antigen-presenting

cells, often regarded as T-cell exhaustion.52,53 It is now

well accepted that these functionally impaired exhausted

T cells can be rejuvenated through manipulation of their

inhibitory receptor signalling, and therapeutic strategies

that target these inhibitory mechanisms play an important

role in clearance of chronic viral infections such as HIV

or hepatitis C virus, as well as control of several types of

cancer.54–57 Discovery of the reversible quality of T-cell

exhaustion through blockade of inhibitory receptor sig-

nalling has focused our attention on the temporal rela-

tionship of the exhaustion phenotype with duration of

antigen exposure. Longitudinal studies of chronically

infected mice indeed reveal that the development of the

exhausted phenotype of antigen-specific CD8 T cells

occurs during a gradual progression of changes to the

gene expression programme.52,58 Specifically, the reduc-

tion in cytokine production and killing potential is cou-

pled to persistence of high viral load and is exacerbated

in the absence of CD4 T-cell help.59–61 What is not defin-

itively demonstrated by these longitudinal studies is

whether development of an exhaustion transcriptional

programme is solely accomplished through survival of a

subset of cells that were prone to exhaustion or if the

resulting phenotype is an acquired property obtained

through progressive modification of transcriptional pro-

grammes in antigen-specific cells. To address the issue of

selection versus progression, the Walker laboratory

recently investigated clonal selection of HIV-specific CD8

T cells from HIV controllers versus progressors. Their

data indicate that the different functions of HIV-specific

CD8 T cells from HIV progressors versus HIV controllers

is a result of the different chronic environments (high

versus low viral load) promoting survival of distinct anti-

gen-specific CD8 T-cell clones.62 Further analysis is

needed to completely resolve the contribution of clonal

selection of virus-specific cells as the majority of the func-

tional data came from cells following ex vivo expansion.

It is important to note that these data do not rule out

the progression of transcriptional regulation.

The apparent gross difference in gene expression pro-

files between functional memory and exhausted antigen-

specific T cells as well as the recent report by the Walker

laboratory on distinct clonal selection during differing

severities of HIV infection raise the question as to

whether the state of exhaustion is obtained through pro-

gressive changes in gene regulation. An initial examina-

tion of this complex issue has been performed using

mouse model systems. West et al.63 controlled for clonal

selection by adoptively transferring clonal naive and func-

tional memory CD8 T cells (generated from P14 TCR

transgenic mice) into naive recipient mice, which were

then challenged with the chronic strain of lymphocytic

choriomeningitis virus. Surprisingly, naive cells were bet-

ter suited than functional memory cells for generating

cells that persisted during chronic infection. These data

demonstrate that naive cells contain a cell intrinsic mech-

anism that allows them to adapt to the chronic antigen

whereas this mechanism is absent in memory CD8 T

cells. In a different set of experiments, Shin et al.64

showed that exhausted CD8 T cells that were adoptively

transferred into naive mice or epitope variant chronic

infection-matched mice decline over the course of several

weeks in the absence of TCR ligation. This is in contrast

to the rapid contraction that occurs following the effector

phase of the immune response of an acute infection.1,4,10

Taken together these data indicate that the duration/

strength of TCR ligation results in a progressive reinforce-

ment of expression programmes that are downstream of

the TCR signal.

Fixation of epigenetic modifications and or the expres-

sion of unique transcription factors are a likely mechanism

for preserving the exhausted state in the absence of antigen

(Fig. 1b). Indeed, gene expression profiling studies demon-

strate the preservation of many effector transcriptional pro-

grammes including persistent down-regulation of several

on-off-on genes (Fig. 1b). Consistent with this idea, we

have recently reported on preservation of acquired epige-

netic modifications at the PD-1 locus regulatory regions in

virus-specific CD8 T cells during chronic viral infection.27

Our data demonstrated that the transient up-regulation of

PD-1 expression in functional virus-specific CD8 T cells

was coupled to chromatin accessibility, permissive histone

modifications, and acquisition of an unmethylated tran-

scriptional regulatory region at the peak of acute viraemia.

Following clearance of the acute viral infection, the PD-1

transcriptional regulatory region regained the DNA meth-

ylation programme and became less sensitive to DNase

challenge. Importantly, the repressive transcriptional pro-

gramme was not reacquired in virus-specific CD8 T cells

during chronic infection of mice and humans.27 To our

surprise, the permissive epigenetic transcriptional pro-

gramme at the PD-1 locus was retained in PD-1lo cells fol-
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lowing reduction in chronic viral load. Preservation of the

permissive transcriptional programme facilitated enhanced

re-expression of PD-1 relative to functional memory cells

that contained the repressive programme at the PD-1

locus.27 The kinetic analysis of epigenetic regulation of PD-

1 during acute and chronic infections as well as analysis of

effector molecule regulation during CD4 and CD8 T-cell

memory cell differentiation have set the stage for further

analysis of the enzymes that catalyse the epigenetic modifi-

cations and their specificity determinates.

Summary

Further scrutiny of gene regulatory mechanisms related

to the identification and function of phenotypically dis-

tinct effector and memory T-cell subsets is necessary.

Undoubtedly such studies will further clarify when mem-

ory cells are generated and how progressive changes in

phenotype and function are obtained. Specifically, analysis

of epigenetic modifications will provide a snapshot of

the differentiation status of effector and memory T cells.

Epigenetic profiling of antigen-specific CD4 and CD8

memory T cells will immediately benefit vaccine develop-

ment as it will provide a novel parameter for identifying

poised expression programmes aiding in the assessment

of T-cell memory quality. As we better understand the

intricacies of the mechanisms involved in acquiring and

adapting transcriptional programmes, it may be possible

to rationally modify established programmes, so provid-

ing a novel strategy for improving T-cell-based therapies

against chronic infections.
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